Background-The mid-posterior part of the insula is involved in processing bodily sensations and urges and is activated during tic generation in Tourette syndrome. The dorsal anterior part of the insula, on the other hand, integrates sensory and emotional information with cognitive valuation, and is implicated in interoception. The right dorsal anterior insula also participates in urge suppression in healthy subjects. The current study examined the role of the right dorsal anterior insula in the urge to tic in Tourette syndrome.
Introduction
Tourette syndrome (TS) is a neuropsychiatric disorder characterized by motor and vocal tics and psychiatric comorbidities. Most patients with TS describe unpleasant bodily sensations preceding the tics 1 that are perceived as an urge to act. 2 The pathophysiology of tics in TS is attributed to dysfunction in multiple areas of the cortico-striato-thalamo-cortical (CSTC) circuits. 3 Furthermore, evidence from functional neuroimaging studies suggests a role for the insula in urge, 4 making it an area of interest to understand the urge to tic in TS patients.
Physiological urges have a clear interoceptive source, i.e., the sensory inputs arising within the body especially in the viscera (e.g., urge to urinate, yawn, cough, etc.). We think that ticrelated urges are also associated with interoceptive awareness, but the sensory source is unclear. However, urge is separate from the sensation. The sensation that our bladder is full is distinct from the need (urge) to empty it. 5 Therefore, in this study, we focused on the urge to tic regardless of the specific nature of these sensations, and postulated a role for the insula -specifically the dorsal anterior part -in heightened interoceptive awareness leading to the urge to tic.
The insula is involved in processing bodily sensations and interoceptive awareness following a posterior-to-anterior gradient, respectively. [6] [7] [8] [9] Neuroimaging studies demonstrated activation of the insula during control or suppression of urges in healthy subjects. A metaanalysis showed activation in the posterior and mid-insula during the urge to urinate, swallow, and yawn. 10 Blink suppression also recruited the posterior and mid-insular cortex, 4, 11 as well as the right dorsal anterior insula (dAI). 4 Insula activity was also observed in studies with TS patients. Overactivation of the posterior and mid-insula together with somatosensory and medial frontal areas was shown consistently throughout tic generation in TS patients. 12, 13, 14 The primary sensorimotor cortex showed resting-state functional connectivity (FC) with the same insular regions, as well as with the right AI only in TS patients compared to controls. 15 Taken together, these findings suggest a critical role for the posterior and mid-insula in representing premonitory sensations. The AI might be involved in increased awareness of these sensations leading to an urge to tic in TS patients.
We investigated the role of the right dAI in the urge to tic in TS patients. While the ventral AI is involved in affective and emotional processing, the dAI is critical in integrating sensation and emotion with cognitive valuation, 7, 16 which would be essential in processing and being aware of the urge. Therefore, we constructed an urge-tic network using the coordinates of brain areas recruited before and at tic onset as nodes. 12 We also added the right dAI that demonstrated robust activity during suppression of urge to blink as a node to our urge-tic network. 4 We tested this urge-tic network using the resting-state functional magnetic resonance imaging (fMRI) data previously obtained from TS patients and matched controls 15 and examined the behavior of the right dAI within this network using graph theoretical network analysis. We hypothesized that the right dAI would form functional connections with more nodes of the urge-tic network in TS patients compared to controls, and this "aberrant" connectivity would have implications for the urge to tic.
Methods and Materials Participants
Resting-state fMRI data previously collected from 13 TS patients (age range 18-46 years, 3 females, all right-handed) and 13 matched healthy volunteers (HVs) (age range 22-56 years) were used. 15 The study was approved by the Combined NeuroScience Institutional Review Board of the National Institutes of Health, and all subjects gave informed consent. All subjects had normal neurological examination, normal clinical MRI scans, and no psychiatric conditions (except for tics and comorbid obsessive compulsive disorder and attention deficit hyperactivity disorder in patients). Patients were required to taper and discontinue their psychotropic medications at least two weeks prior to participating in the study. Patients were also assessed using the Yale Global Tic Severity (YGTS) scale 17 and Premonitory Urge for Tics Scale (PUTS). 18 Imaging data collection T1-weighted anatomical MRI (MPRAGE, voxel size 1×1×1 mm, repetition time (TR) = 4.964 ms, inversion time (TI) = 725 ms, echo time (TE) = 2 ms, matrix size = 256×256, field of view (FoV) = 240×240 mm) and resting-state fMRI scans for 5 min 10 s with eyes closed (echo planar images (EPI), voxel size: 3.75 × 3.75 × 5 mm, TR=2 s, TE=30 ms, flip angle=70 degrees, matrix=64×64, FoV=240×240 mm) were collected at 3T. A vacuum cushion that molds to the subject's head was used to restrict motion. Subjects were videomonitored for movement throughout scanning using a MRI-compatible electronic view window video system (MRA, Inc.). This system allowed viewing of whole body, neck, and face motion except for eye blinks.
Imaging data analysis
Resting-state fMRI-The resting-state fMRI data were analyzed using the Analysis of Functional Neuroimages (AFNI) software. 19 The afni_proc.py script for preprocessing and @ANATICOR script for artifact detection and removal from resting-state time series were used as previously described. 15, 20 We removed the first three EPI volumes and slice timeand motion-corrected the rest of them. Motion limit was 0.4 mm and outlier limit was 0.1 (i.e., 10% of all brain voxels per TR that are above the mean absolute deviation threshold from the polynomial trend). We regressed out the nuisance variables including motion, spikes, and local white matter, normalized the EPI volumes to the MNI_caez_N27 template, and smoothed them with a 6-mm full-width-half-maximum Gaussian kernel. Global signal was not removed. The time series were bandpass-filtered (0.01 < f < 0.1 Hz) to capture the resting state fluctuations of the blood oxygenation level-dependent (BOLD) signal.
Mild tics that may have been released during scanning and not detected with video monitoring could be associated with sustained BOLD response in motor regions. To address this potential confound, we computed the mean and standard deviation of the resting state BOLD time courses extracted from the left and right precentral gyrus for each subject and compared the results between the two groups.
Connectivity analysis
Network definitions-In an event-related fMRI study, Bohlhalter et al. 12 reported brain areas that were recruited at tic onset ("tic") and 2 s before tic onset ("urge"). We combined these areas and the right dAI from Berman et al. 4 , including it as an urge node, to create a composite urge-tic network and used it in our resting-state dataset. The Talairach coordinates were transformed into the MNI space using the Yale BioImage Suite Package tal2mni tool. 21 We did not include the cerebellar areas because cerebellum was not fully covered within the field of view during EPI acquisition. Bilateral putamen had the same coordinates in both urge and tic conditions and was included only once (Fig. 1A , Table 1 , Supplementary Data).
We then extracted the BOLD signal time courses from spheres with a radius of 5 mm centered on each node. A Pearson correlation coefficient was calculated between the BOLD time course of each node and the time course of every other node. The resulting correlation adjacency matrices including all nodes were thresholded at multiple levels of the correlation coefficient "r" (0.1 ≤ r ≤ 0.4 in increments of 0.05) to ensure consistency across multiple thresholds. In this context, these correlation coefficients are called "connections."
Graph Metric Calculation-Graph metrics were calculated using custom MATLAB scripts containing functions from the Brain Connectivity Toolbox. 22 For each node of the urge-tic network, we calculated the degree and node strength as a general measure of connectivity, global efficiency and betweenness centrality as measures of functional integration, and clustering coefficient and local efficiency as measures of functional segregation (Table 2) . 22, 23 Between-group differences were assessed using 5000 permutations and a significance level set at p ≤ 0.05, two-tailed (Mattest function in Bioinformatics toolbox of Matlab 2013a). Thresholds are often arbitrarily determined and networks should ideally be characterized across a broad range of thresholds. 22 For consistency, we considered graph metrics indicating a significant difference (p ≤ 0.05) between the two groups at a minimum of four out of seven correlation thresholds.
Post-hoc behavioral correlations with network findings-Based on our network findings in dorsomedial frontal nodes and prior reports on the importance of these regions in urge and tic generation, 12, 13, [29] [30] [31] we examined the relationship between behavior and the right dAI -dorsomedial frontal FC.
We extracted the unthresholded and seven thresholded connectivity values between the right dAI and the dorsomedial prefrontal nodes (right SMA1, right SMA2, right SMA3, left SMA1, left SMA2, and left midCG as listed in Table 1 ) in the TS group. We then correlated these values with YGTS and PUTS scores using multivariate regression treating connectivity values as dependent variables and behavioral scores as covariates.
Results

Participants
TS patients had a mild-to-moderate tic severity (YGTS objective 21.6 ± 5.4, range 14-32) and a high intensity of premonitory urges (PUTS 30.2 ± 3.7, range 23-36) (Supplementary Data Table 1 ). Body parts involved in motor tics and number of patients who had these tics were as follows: Eye blinking and other eye movements (N = 8), face (N = 12), head (N = 9), neck and shoulder (N = 6), arm/hand (N = 5), leg/foot/toe (N = 6), abdomen (N = 5). In seven patients, motor tics also had a complex or orchestrated pattern. All patients had simple vocal tics (sounds, noises). Three patients also had complex vocal tics (words, phrases). We did not observe any overt tics during the fMRI scans.
Image preprocessing
The average motion per TR for HVs was 0.10 ± 0.05 mm and for patients 0.06 ± 0.04 mm. The average maximum displacement for HVs was 0.7 ± 0.4 mm and for patients 0.9 ± 0.4 mm. Finally, the average number of censored TRs for HVs was 1.15 ± 2.0 and for patients 3.6 ± 7.1. None of these parameters differed significantly between the groups (two-sample ttests, respective p values were 0.07, 0.4, and 0.2).
Mean and standard deviation values of the resting state BOLD time courses extracted from the left and right precentral gyrus did not differ significantly between the groups (twosample t-tests, left precentral gyrus: p for mean and SD = 0.49 and 0.53, respectively; right precentral gyrus: p for mean and SD = 0.86 and 0.99, respectively).
Graph Metrics
All graph metrics were calculated on the final urge-tic network consisting of 35 nodes.
The TS group compared to the HVs showed reduced degree in the left mid-cingulate and right supramarginal gyri; reduced betweenness centrality in the left supplementary motor area (SMA) and right mid-insula; higher degree and node strength in the right thalamus; and higher betweenness centrality in the right dAI (Fig. 1C ) and right putamen ( Table 3) . The global network efficiency was not significantly different between the groups. The differences in clustering and local efficiency did not reach our significance criteria.
Post-hoc behavioral correlations with network findings
We found significant positive correlations between PUTS scores and right dAI -right SMA2 unthresholded connectivity (F = 9.49, t = 3.08, p = 0.012) and between PUTS scores and right dAI -left SMA1 unthresholded connectivity (F = 5.78, t = 2.40, p = 0.037). These correlations also remained significant across all seven connectivity thresholds of these two node pairs. YGTS scores did not correlate significantly with connectivity between any node pair.
Discussion
Our data suggest that even in the absence of overt tics, the urge-tic network exhibits a different FC pattern in TS patients. This pattern seems related to the urge to tic implying that "resting" is a different state for patients compared to HVs. The significant differences in the degree, node strength, and betweenness centrality metrics between the groups indicate overall decreased connectedness in the dorsomedial frontal nodes and increased connectedness in the striatothalamic and right dAI nodes of the urge-tic network in the TS group.
The role of the right dAI in the urge-tic network
The betweenness centrality was reduced in the right mid-insula and increased in the right dAI in the TS group. Different parts of the insula exhibit distinct anatomical connectivity and functional specialization. The mid-posterior part is involved in somatosensory processing. 26, 27 It is also functionally connected to the somatosensory cortex and SMA. 16 The dAI, on the other hand, integrates multimodal sensory, emotional, and cognitive information, and is involved in interoception. 6, 7, 10, 16 Neuroimaging studies of normal bodily urges in healthy subjects and urge/tic in TS patients reported mid-posterior insula activity, [10] [11] [12] [13] but not dAI activity. The right dAI activity became manifest only when the hemodynamic response function associated with urge was modeled as a "build-up" prior to action. 4 Our finding of higher betweenness centrality of the right dAI points to a relative anterior shift regarding the bridging role of the insula within the urge-tic network in the TS group. This indicates that the right dAI might be functioning as an abnormal "hub" forming atypical links with additional nodes of the network in the TS group. Based on this, we argue that the perception of bodily sensations and urges associated with tics may be enhanced in TS patients leading to stronger recruitment of the right dAI. The right dAI then relays the increased awareness of bodily sensations and urges to tic to the other nodes of the network via its "aberrant" connections and facilitates tic generation.
In this regard, our frontostriatal findings in the TS group are especially relevant (Fig. 1B) within the framework of the CSTC hypothesis, which has been the prevailing view in TS pathology. 28 Our data are also in line with this view as we discuss next.
Frontal nodes
We found reduced degree in the left mid-cingulate gyrus and reduced betweenness centrality in the left SMA in the TS group. Both of these nodes are involved in tic generation and suppression of tics and voluntary behavior. 12, 13, 29, 30 Activity in the SMA cross-correlated with the primary motor cortex activity before, at, and after tic onset in TS patients. 31 Strong SMA activity during spontaneous tics in TS patients also correlated significantly with tic severity. 32 Resting-state connectivity within SMA also correlated with tic severity. 14 Similarly, the dorsal mid-cingulate cortex has a high probability of anatomical interconnections with premotor and parietal areas overlapping with its role in motor function. 33, 34 The anterior and dorsal cingulate regions were recruited during urge and tic suppression in TS patients. 29, 30 Here, despite their overall decreased FC, the dorsomedial frontal nodes demonstrated increased FC with the right dAI in the TS group (Fig 1B) implicating heightened limbic drive on these nodes. Our post-hoc analysis showing positive correlations between the urge severity and right dAI -SMA FC supports this argument. Electrical stimulation of the SMA induces not only movement, but also an urge to move in the absence of overt movement. 35 Insula and SMA also demonstrate robust activation preceding tics 12, 14 suggesting a role for these structures and their interaction in premonitory urges.
Striatothalamic nodes
We found increased degree and node strength in the right thalamus and increased betweenness centrality in the right putamen in the TS group.
These findings support evidence for thalamus and basal ganglia pathology in TS. In vivo MRI studies demonstrated striatal volume loss in TS 36,37 and post-mortem pathological studies in TS showed neuronal loss in the striatum. Specifically, significant gammaaminobutyric acid (GABA)-ergic 38, 39 and cholinergic neuronal loss in the putamen was demonstrated. 39 In addition, deep brain stimulation of the centromedian-parafascicular complex of the thalamus reduced tics. 40 This complex, as well as the ventral anterior and ventral lateral nuclei, send topographically specific projections to the striatum highlighting the importance of the thalamostriatal system in tic generation. 41 Neuroimaging studies also provide evidence for thalamus and basal ganglia involvement in tic generation. Putamen and thalamus activity was observed during spontaneous tics. 12, 13, 14, 32 Moreover, tic severity correlated positively with the causal interactions within the CSTC loop consisting of the primary motor cortex, putamen, pallidum and thalamus. 32 Even though we did not find significant structural volumetric loss in the basal ganglia or the thalamus in the TS group (Supplementary Data Table 2 ), we cannot rule out specific neuronal loss. For instance, GABAergic neuronal loss in the putamen would result in a decreased inhibitory tone and hypothetically contribute to the aberrant FC of the right putamen, e.g., with the right dAI (Fig 1B) , in the TS group.
Taken together, our results are consistent with the CSTC hypothesis demonstrating restingstate changes in the graph metrics of the frontostriatal nodes. Decreased connectedness in the dorsomedial frontal nodes may be related to a baseline deficit in their integration capacity in TS. An intact integration capacity would allow these nodes to monitor and keep the urges and unwanted actions tonically in check. However, a reduced integration capacity would eventually be overwhelmed by the mounting urge and finally allow tic release. Based on our results demonstrating connections between the right dAI and frontostriatal nodes in the TS group, we posit that the right dAI might impose the limbic drive on the dorsomedial frontal nodes by conveying the heightened awareness of bodily sensations to these regions. The highly engaged striatothalamic nodes would then provide the cues facilitating tic release through the "loosened" frontal control gates.
Consistent with its role in awareness, the insula is also part of the mesocorticolimbic reward system and shows drug-cue reactivity in addiction leading to cravings. 42 Indeed, deep repetitive transcranial magnetic stimulation (rTMS) of the insula combined with exposure to smoking cues was effective in smoking cessation. 43 We think that our findings also have therapeutic implications and propose that stimulating the right dAI, for instance using rTMS, might be a promising treatment strategy to control the urge to tic in TS.
Limitations
We did not include the cerebellum because full cerebellar coverage was not obtained for every subject during scanning. Its role in the urge-tic network should be addressed in future studies.
Though patients were not explicitly told to suppress their tics, every participant was instructed to avoid head motion as much as possible. This standard instruction may have made the patients more self-aware of their urges, and perhaps even suppress their tics, which raises the question whether there is a true resting-state in TS. Nevertheless, the intensity of premonitory urges at rest and the capacity to inhibit the tics do not correlate and seem to have different neural mechanisms. [44] [45] [46] Our network approach should be applied to actual tic-related brain activity to delineate the role of different nodes in the network and shed more light on the pathophysiology of tics.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Table 2 Graph metric definitions Functional segregation of a neural network refers to its ability for specialized processing within clusters of nodes.
Functional integration is related to a neural network's ability to bind information efficiently from distributed regions.
Degree is the number of connections that link a node to the rest of the nodes in the network.
Node strength is computed as the sum of weights of the connections that link a node to the rest of the nodes. It indicate show strongly one node is connected to the rest of the nodes in the network.
Path is the shortest distance (i.e., minimum number of connections) between a node and every other node in the network. Efficiency is inversely related to path length.
Global efficiency is calculated as the inverse of the average shortest path length between all pairs of nodes in the network. It is a measure of functional integration.
Node Betweenness Centrality indicates how central a node is to the communication among other nodes in the network. It is computed as the fraction of all shortest paths in the network that contain a given node. Nodes with high values of betweenness centrality participate in a large number of shortest paths and potentially function as hubs.
Clustering coefficient is computed as the number of connections that exist between the nearest neighbors of a node as a proportion of the maximum number of possible connections. It measures the density of connections between neighboring nodes. High clustering is associated with high local efficiency of information transfer.
Local efficiency is computed as the inverse of the average shortest path connecting all neighbors of a node. It reflects how relevant a node is for the communication among other nodes within a local neighborhood, and is related to the clustering coefficient. 
